The acoustic cavitation phenomenon constitutes a potential hazard in ultrasound diagnostics and therapy so that early and effective detection of cavitation is of great interest. However, cavitation might even bring a higher risk especially when an echocontrast agent based on microbubbles is used. The major goal of the present work was to develop a cavitation detection method based on increased level of cavitation noise in the range of low frequencies (about 1 Hz). This method was applied in vitro using a model of body fluid containing a model echocontrast agent, such as 5% solution of lyophilized egg albumin, which was sonicated by ultrasound disintegrator. Ultrasound signal evokes cavitation in microbubble suspension accompanied by a certain level of cavitation acoustic noise. The level of noise voltage increased in the frequency range of 0.1 to 2 Hz in the presence of cavitation. Hence, this method makes it possible to determine the value of cavitation threshold. In addition, we examined how the cavitation threshold is affected by temperature and viscosity. It was found that the cavitation threshold decreased with growing temperature while it increased with growing viscosity.
Introduction
The presence of echocontrast agents decreases the cavitation threshold and, consequently, the probability of cavitation events increases in the insonated medium (blood or other body fluid) [1] .
The formation of free radicals represents a main sonochemical factor. The free radicals produced in blood can react with proteins and other molecules. Formation of the free radicals in vitro and the protective effect of free radical scavengers, such as cysteine and cysteamine have been already demonstrated. The results describing the effect of ultrasound (5.8 W·cm −2 , 1 MHz) on a suspension of mouse L cells indicate that the cell lysis is due to the mechanical stress resulting from cavitation [2] . A less damaging effect (diminished colony-forming ability), which can be completely eliminated by the presence of cysteine, has been shown to be due to the presence of free radicals. Therefore, it seems reasonable to assume that the sonochemical effects in blood related to possible echocontrast agents conditioned by cavitation do not represent a high risk because the blood components act as free radical scavengers. On the other hand, a saline solution has been used as a contrast filling to visualize the fetal peritoneum and hysterosalpingography. In these cases (when saline is used outside the blood vessels) these scavengers can be absent so that the application of ultrasound may result in a high risk [3] . The saline is used very rarely at present. The risk associated with the application of ultrasound may also result from an indirect sonochemical risk. It may arise when echocontrast agents are produced by sonication because cavitation is present during this process. Thus, an otherwise safe drug could be chemically changed during sonication due to the action of free radicals. This risk factor is excluded if the Schering contrast agents (Echovist R , Levovist R ) are used because they are produced in a different way [4] . The same is possible to say about SonoVue R . Albunex TM , which is produced by sonication of preheated 5% albumin solution, has been tested immunologically in volunteers and no adverse reactions have been observed [5] . Chemical changes produced by sonication in echocontrast agents are not always taken into consideration. Micromechanical damage seems to be far more important than the sonochemical effects. To a certain extent, it can be detected even on a molecular level as the destruction of macromolecules, e.g. bacterial polysaccharides [6] . It is usually manifested as disintegration of cells or severe disturbance in their integrity. It is also necessary to mention some results on ultrasound-induced hemolysis. It has been shown that the threshold for lysis of erythrocytes in suspension is about 2 W·cm −2 (I SAT A ) [7] . It was also found that the lysis occurred almost as an 'all-or-nothing' response, i.e., that either all or none of the cells were lysed under the same conditions and that the threshold for lysis was dependent on the concentration of erythrocytes. This 'all-or-nothing' phenomenon is caused by the activation of cavitation and by the migration of bubbles in the insonation vessel. It may be also initiated by bubbles caught on the vessel walls. The only reasonable explanation for the dependence of lysis on the concentration of cells is a change in the concentration of dissolved O 2 and CO 2 (CO 2 has a strong damping effect on cavitation [8] ). Exposure to continuous ultrasound (1.7 MHz, I SP T A value of 0.1 W·cm −2 ) for 16 min resulted in a significant increase in hemolysis assessed in the whole blood. Using one-tenth of this intensity under similar conditions, an increase in ATP release from human erythrocytes was observed [8] . These findings show that ultrasound effects are strongly affected by the presence of microbubbles.
The major goal of the present work was to develop a cavitation detection method based on increased level of cavitation noise in the range of low frequencies (about 1 Hz). The method, which has been developed, is applied in vitro by using a model of body fluid containing an echocontrast agent. The purpose of the study was also to find out how the cavitation threshold is affected by the measurement conditions and different physical factors, such as temperature and viscosity.
Materials and methods
The fundamental procedure of the method outlined in the present work is a low-frequency analysis of acoustic signal associated with ultrasonic cavitation. It has been observed [9] that the level of low-frequency spectrum components of this acoustic noise increases by one order of magnitude due to cavitation. These low-frequency spectrum components (about 1 Hz) are the main subjects of our analysis. The respective acoustic signal is at first preamplified, filtered and sampled. The sampled signal is converted into frequency spectrum using fast Fourier transform and analyzed. An individual frequency spectrum is generated for each intensity of ultrasound. In each frequency spectrum a certain frequency was selected (in this case 1 Hz) and the level of this spectrum component was stored.
Then the dependence of the spectrum component level vs. the intensity of ultrasound was plotted. The cavitation threshold is determined as a point in this plot where the level of noise-voltage starts to increase. In addition, it is important that the shape of the curve was evaluated, not the absolute values of the measured voltages.
Measuring apparatus
The core of the measuring apparatus is a cylindrical chamber ( Figure 1 ) with a diameter of 30 mm and length of 350 mm. An ultrasound transducer is located at one end of the chamber and on the other side a piezoelectric sensor is mounted. To make the chamber air-free, a bubble trap was installed. This trap makes elimination of remnant air from the chamber possible.
An ultrasonic generator BTL 4710 Optimal (manufacturer Beauty Line Industries Ltd. UK) was used as ultrasound source. It makes it possible a continuous or pulse mode of insonation at the working frequency of 1 or 4 MHz depending on the head used; our experiments were performed with the head affording the working frequency of 1 MHz The generator allowed regulating the intensity in the range of 0 -3 W·cm −2 . The piezoelectric sensor Kistler 8712A5M1 was used on the detection side of the chamber to read out the acoustic signal accompanying the cavitation The exciting and detecting surface was a circle (diameter of 30 mm, the whole profile of the chamber). The other part of the apparatus is a low-noise amplifier AMP 21 (manufacturer 3S Sedlak Ltd. Czech Republic) with a programmable gain and band-pass filter. This amplifier is supplied by accumulators so that it is isolated from mains interferences. A computer for data acquisition and analysis is of a standard configuration, equipped with multifunction data acquisition card (maximum sampling rate of 100 kHz, 16 unipolar or 8 differential analog inputs, 2 analog outputs, 16 digital inputs and 16 digital outputs, counter, automatic gain control, FIFO stack for 1 kB of samples). The intensity of ultrasonic field was measured by the Cetacean Research TM C54XR hydrophone. The temperature was measured by means of a voltage divider with thermistor (Pt 1000). In this case, the voltage is measured on a solid resistor. The viscosity was measured by a half-automatic ball-viscometer. The ball was captured on the top of the viscometer with an electromagnet (controlled by PC) and the falling ball was recognized by an optical gate at the bottom of the viscometer. The PC measured a time of falling of the ball and calculated the kinematic viscosity. Figure 2 illustrates the completed measuring apparatus with all external components. 
Preparation of an equivalent of echocontrast agent (EECA)
Fifteen grams of egg white albumin was mixed with 285 ml of distilled water and sonicated with ultrasonic desintegrator in 10 min intervals. After 30 min all albumin was dissolved. Finally, 5% albumin solution was sonicated for 10 min at full power of the disintegrator to create microbubbles. The EECA should be applied within 30 min because the microbubbles are not so stable as in a real echocontrast agent (the bubbles dissolve in the medium). The egg albumin was used for similar physical and chemical properties to a human blood plasma. Polyoxyethylene(20) sorbitan monooleate was added into the EECA as a viscosity factor. This agent is absolutely inert to proteins and it can, in an appropriate concentration, increase viscosity. 
Results and discussion
Four types of experiments were carried out. The first one was a control measurement of the cavitation threshold in distilled water. Using this medium it was difficult to observe any cavitation under given conditions (intensity of ultrasound varied from 0 to 2.5 W·cm −2 , temperature was 28 • C).
The second experiment was focused on the measurement of the cavitation threshold of EECA in the normal laboratory conditions (28 • C). A liquid in the chamber was excited by ultrasound of appropriate intensity. If cavitation occurred (the intensity of ultrasound was above the cavitation threshold), a higher level of an acoustic emission was recognized. A short sample of acoustic emission was received for each intensity (Figure 3 top) . Subsequently the Fourier transform was applied (Figure 3, bottom) . This process was repeated twenty times for each intensity to eliminate randomness of the signal. Subsequently, the method described above (in the section 2. Materials and methods) was applied.
In this case, the observed cavitation threshold was 0.3 W·cm −2 . This value corresponds to the value observed previously [10] . Figure 4 shows the dependence of the noise voltage on the intensity of the ultrasound. The curve began to grow with the increasing intensity at the intensity of 0.3 W·cm −2 so that the noise voltage rose up. This value of the intensity is considered the cavitation threshold. Evaluating of the cavitation threshold is based on the fact that the curve does not return to zero at the intensity of 0.5 W·cm −2 whereas at the intensity of 0.3 W·cm −2 the curve returns to zero. Dependence of the cavitation threshold on temperature of EECA (5% water solution of egg white albumin) was measured as well. Figure 5 shows that the cavitation threshold decreased with growing temperature. Finally, when the temperature of 50 • C was tested the EECA was probably so degassed that no cavitation was observed.
Dependency of the cavitation threshold of EECA on its kinematic viscosity was measured in the last experiment ( Figure 6 ). The results demonstrate that the cavitation threshold increased with growing kinematic viscosity.
Conclusion
All experiments were carried out in vitro with the model of body fluid containing an echocontrast agent. It was found that the cavitation threshold of EECA in the laboratory conditions was 0.3 W·cm −2 and that this value decreased with increasing temperature in the range of temperatures of 24.5 -38.5 • C. When the temperature of 50 • C was tested the cavitation disappeared due to degassed medium. The value of cavitation threshold of EECA increased with growing viscosity in the range of 9.07×10 7 m 2 ·s 1 -1.51×10 6 m 2 ·s 1 . Viscous fluids can inhibit pulsing of microbubbles, which is a reason why the cavitation threshold of the EECA increases. Interestingly, the dependence of cavitation threshold on viscosity demonstrated in the present work ( Figure 5 ) has confirmed the results of the previous theoretical study [11] , which predicts that the cavitation threshold increases with growing viscosity. On the other hand, it has been shown [12] that attenuation of the ultrasound is dependent on viscosity. However, the attenuation of the effects of ultrasound in the EECA is insignificant considering distance of ultrasonic transducer from the source of ultrasound because EECA is much less viscous than oils used in the previous study [12] .
This method could be robust if an appropriate algorithm for the evaluation of increasing noise-voltage is developed.
There are two main categories of the cavitation detection methods -chemical and acoustic. These methods provide results comparable with those obtained by the method described in this communication but not all are suitable for applications in vivo due to many side effects. In addition, sonographic method based on bubble detection is a suitable method for cavitation detection in vivo. In contrast, for instance sonoluminiscence can be only used in transparent tissues, which restricts its usage. Chemical methods are dependent on the generation of free radical production markers usable in biological media. Hence, the method described in the present work represents a suitable and simple alternative for detection of cavitation in vivo.
